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CHEMICAL  KINETICS  IN  SHOCK  HEATED  AIR 


C.  B.  lAidvig 
K.  G.  P.  Sulzmann 

ABSTRACT 

The  concentration  profile  and  the  reaction  rates  of  a 

postxilated  reaction  scheme  have  been  estijnated.  It  Is  shown 

that  the  contributions  of  the  rates  of  foraation  and  deconqpo- 

sition  of  dominant  species  (N  ,  0  ,  N,  0,  and  NO)  involving 

2  2 

these  species  only  are  greater  by  orders  of  magnitude  than  the 

contributions  involving  the  added  minor  constituents  (N^O,  NO^, 

NO^,  and  0  ). 

3  3 

INTRODUCTION 

In  considering  chemical  kinetics  in  shock-heated  air,  one  is  con¬ 
fronted  with  a  great  namber  of  reactions.  ’  Duff  and  Davidson^  have  se¬ 
lected  a  limited  scheme  of  ten  reactions  in  which  the  species  N  ,  0  ,  N, 

2  2 

0,  and  NO  are  involved.  The  purpose  of  this  report  is  to  estimate  the 

concentration  profile  of  a  number  of  additional  species  such  as  0  ,  NO, 

NO  and  NO  .  This  estimate  is  based  on  the  assumptions  that  the  solution 
2  3 

of  the  limited  scheme  remains  \mperturbed  and  that  the  concentrations  of 
the  additional  species  are  in  a  steady-state.  The  mathematical  verifica¬ 
tion  of  these  assumptions  would  require  the  simultaneous  solution  of  the 
expanded  scheme.  However,  it  can  be  shown  for  the  three  shock  conditions 
considered  that  the  concentrations  of  the  additional  specl^es  are  smaller 
by  orders  of  magnitude  than  most  of  the  major  constituents.  Also,  the 
contributions  of  the  additional  species  to  the  rates  of  formation  and 
decomposition  of  the  major  constituents  are  insignificantly  small.  There¬ 
fore,  it  might  be  expected  that  the  result  of  the  "zero-order  perturbation" 
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docs  not  lead  to  contradictions.  IRie  reaction  rate  coefficients  have  been 
taken  from  the  literature  where  available  or  else  have  been  calculated  by 
using  simple  collision  theory  to  estimate  the  frequency  factors.  No  attempt 
has  been  made  to  determine  activation  energies. 

This  report  supercedes  "Chemical  Kinetics  Behind  Strong  Shock  Waves  H. 
Review  of  chemical  reactions  occurring  In  a  -  0^  mixture  at  6000*  to 
10,000*K."® 

ASSUMPTIONS 

It  Is  assumed  that  a  mixture  of  78?^  nitrogen  and  22$  ojcygen  exists  In 
equilibrium  at  300‘*K  and  l-m  Hg  pressure.  After  a  normal  shock  wave  has 
passed,  the  temperature  Is  raised  tcT  value  T  ,  at  which  the  tremslatlonal, 
rotational,  and  vibrational  degrees  of  freedom  of  the  molecules  are  assumed 
to  be  equilibrated.  Furthermore,  It.  is  assumed  that  no  chemical  reactions 
occur  during  the  process  of  establishing  the  tengperature  T  ,  l.e.,  the 
reactions  are  considered  to  be  frozen  throu^out  the  translational  and 
rotational  relaxation  zone.  Then  the  chemical  reactions  will  start  at  a 
surface  behind  the  shock  front  at  which  the  tenqperature  T  Is  established; 

P 

this  surface  is  taken  as  the  origin  of  a  coordinate  system  In  which  the 
reaction  history  is  measured.  Change  of  electronic  states  (in  particular, 

*  ionization)  are  not  included  here.  An  estimate  of  the  actual  temperature 
T  and  the  relaxed  density  at  the  origin  of  the  reaction  history  are  obtained 
by  taking  the  data  calculated  by  Duff  and  Davidson.  These  data. are  presented 
in  the  tabulation  for  the  three  shock  conditions  treated  here. 
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Tenperature  (*K)  at  points  (origin  of  reaction 
history  taken  fi'om  Duff), 

Assumed  temperature  value  in  the  ti'ansltlon  zone 
at  vhlch  the  calculations  have  been  perforae^, 

• 

Travelling  time  (psec)  for  a  typical  mass  element 
behind  the  shock  front  until  N  reaches  a  maxirsum 

Travelling  time  (psec)  for  a  typical  mass  element 
behind  the  shock  front  until  NO  reaches  a  maximum,  and 

Equilibrium  temperature  taken  from  equilibrium 

e 

calculations  made  by  Hochstim.® 


The  extent  of  the  reaction  scheme  can  further  be  limited  by  conditions 
vhlch  are  specified  in  the  next  section.  In  many  of  the  reactions,  a 
third  body  will  participate  viiich  remains  michanged  and  is  labeled  (M). 

This  symbol  stands  for  any  one  of  the  species  present  in  the  mixture. 
Although  th*e  rate  coefficients  for  a  third-body  rcMtion  mlf^t  be  different 
for  different  kinds  of 'third  bodies  (m),  this  effect  has  been  neglected 
in  this  study.  ' 


NITROGEN-OXYGEN  REACTIONS  . 

The  number  of  possible  reactions  which  might  be  conceived  a  priori 

between  N  and  0  is  very  large,  even  when  reactions  involving  radiation 
2  2 

and  ionization  processes  are  excluded.  However,  with  the  following  obvious 
restrictions  which  are  valid  under  the  experimental  conditions  encountered, 
the  reaction  scheme  can  already  be  reduced  rationally: 


1.  Only  collisions  up  to  three  bodies  will  be  considered 
in  which  case,  however,  the  third  body  must  remain 
unchanged,  i.e.,  the  third  body  is  supposed  to  be  of  the 
type  (M).''’ 


‘*’With  this  condition,  reactions  of  the  kind  O3  +  NO  +  NO  =  NO^  +  NOg, 
O3  +  N  +  N  =  N2O+  0+0,  5  NO  =  NgO  +  NOg  etc.,  are  excluded.  This 
seems  well  founded  since  the  probability  of  this  kind  of  three-body 
collision  is  very  small. 
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2.  Uiglier  nitrogen  oxides  such  as  N  0  ,  NO,  vlU  he 

S3  2  4 

neglected  because  they  ore  highly  unstable  under  the 
conditions  considered. 

3.  Reactions  vhose  heat  of  forcatlon  exceeds  230  kcal/isole 
vlU  not  be  considered  because  of  their  lov  efficiency 
under  the  conditions  considered. 


For  each  ‘reaction  listed  in  the  follovlng,  the  heat  of  forcatlon  in 
kilocalories  is  given.  In  the  adopted  notation,  the  endotherclc  processes 
are  from  left  to  right.  The  reaction  scheme  restricted  by  the  above 
assumption  is  listed  in  six  related  groups.  The  reactions  considered 
by  Duff  and  Davidson^  are  indicated  by  an  asterisk. 


Group  1.  Oxygen  and  Nitrogen  Dissociation 


0  +  M  3t20  +  M+  ll8  (1*) 

2 

H  +M‘t2N+M+  225  (2*) 

2 

Group  2.  Reaction  involving  Ozone 

20  ^0  +  0  +  95.5  (5) 

.  2  3 

M  +  0  0  +  0  +  M  +  25.5  '  (^) 

3  2 

NO  +  0  51N  +  0  +  125.4  (5) 

2  3 

NO  +  0  5tK0„+  0+15.9  (6) 

3  3 

NO  +0*0  +  NO  +  48.1  •  (7) 

2  2  3 

NO  +  0  *  N  +  0  +  80  (8 ) 

»  2  3 

N0+05^N  +0  +  l4.8  (9) 

2  2  2  3 

N  +0  ^NO  +N+9I  (10) 

2  3  3 

NO  +  M  +  0  +  M  +  134  (11) 

3  3 
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Group  3*  Reactions  Involving  NO 


Besides  the  reactions  (5),  (6),  and  (?),  there  arei 


liO  4-  M  »  4  0  4  N  +  149.9 

(yj*) 

KD  4  0^  +  KOjj  +  49.4 

(13) 

KO  ♦  Og  +  M  fiOg  *  W  -  8.6 

W 

«o  4  0  ;iij  +  Og  +  31*9 

(15») 

HO  *  0  +  M  JilvOg  4  K  -  72.6 

(16) 

HO  4  H  +  M  J^KgO  4  M  -  114.4 

(17) 

HO  4  H  4  0  -  75-1 

2 

(18*) 

HO  4  Hg  J^HgO  4  H  4  110.6 

(19) 

HO  4  HO  4  HOg  4  77-3 

(20) 

HO  4  HO  4  HgO  4  35-5 

(21) 

HO  4  HO  JiHg  4  Og  -  43.2 

(22) 

HO  4  HO  4  IL  -  55.3 

2  ;  2  2 

(25) 

HO  4  HOg  J^HOg  4  n  4  95.9 

(24) 

HO  4  HO  0  f  0  -  9.9 

22  2 

(25) 

HO  4  H03  7i2H0g  -  18.6 

(34) 

»  Group  4 .  Reactions  involVing  KO^ 

^  * 

Besides  the  reactions  (7),  (8),  (l6),  (13)# 
(20),  {21),  (24),  (25),  and  (54),  there  are: 


NOg  4  M  4  H  4  Og  4  104.5 

(26) 

NOg  4  Og  T^NOg  4  0  4  64 

(27) 

N0„  4  0  4  M  NO  4  M  -  54 

2  3  ' 

(28) 

NOo  4  N  <-N  0  4  0  -  41.8 

2  2 

(29) 

NOg  4  N  T^Ng  +  0^  -  120.5 

(50) 

» 

5 

t 

Croup  5«  Reactions  involving  H^O 

Besides  the  reactions  (25),  (17),  (9),  (21), 

(29) >  (19) >  and  (25),  there  are; 

NjjO  +  M  ?  M  +  Kg  +  0  +  59.3  (31) 

NgO  +  Og  ?  MO3  +  H  +  105.8  (52) 

NgO  +  0  Hg  +  Og  -  78.7  (55) 

Group  6.  Reactions  Involving  K0_ 

3 

These  reactions  have  been  given  previously  in  (6), 

(10),  (11),  (lU),  (21*),  (27),  (28),  and  (34). 

In  the  following  tables  the  heat  of  formation,  the  equilibrium 
constemts  of  the  34  reactions,  and  the  reaction  rate  constants  are 
listed. 


Specie  Heat  of  Formation,  kcsl  Source 


N 

2  * 

0 

Rossini, 

Bichowsky^ 

0  • 

2 

0 

Rossini, 

Bichowsky^ 

N 

+ 

112.5 

Gilmore® 

• 

0 

•  » 

+ 

59.0 

Gilmore® 

NO 

+ 

21.6 

Rossini, 

Bichowsky^ 

O3 

+ 

54.5 

Rossini, 

Bichowsky* 

NO 

2 

A 

+ 

8.0 

Rossini, 

Bichowsky^ 

W 

N  0 

2 

+ 

19-7 

Rossini, 

Bichowsky^ 

fio 

3 

+ 

13.0 

Rossini, 

Bichowsky* 

Some  of  the  equUlbrium  eonstante  are  taken  from  Davidson,^  and  the  others 
ore  calculated  by 

o'”*  (B. ) 


n 


K 


n  n  ^  (A.) 
i  ^ 


A  0 


•e/rt 


in  A  “(I'l  T”;)  *  *)*I  ”1  V®i> 


i  i 


where  |  ■ 

unit 

conversation  factor 

function. 

The 

following 

values  for 

t 

Specie 

inOp 

W 

2 

5O.IU1 

°2 

.  .32.187 

♦  * 

1*5  ' 

22^-984 

0 

23.968 

150 

32.647 

• 

HO^ 

2 

39.860 

? 

N2O 

37:971 

.  NO3 

43.900 

03 

40.120 

A  list  of  the  equilibrium  constants 


=+  3-722  and  Op  the  partition 
Op  have  been  selected  (at  5,000*K) 

Source 

Gilmore® 

Gilmore®  .  ‘ 

Gilmore® 

Gilmore® 

•  Gilmore® 

Gi  Imore®  . 

Hochstim® 

Davidson^ 

a 

Gilmore® 

follows:  . 
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The  list  of  reaction  rate  coefficients  a)K>vn  on  pages  9  and  10  were 
obtained  by  sinple  collision  tl«ory  as  outlined,®  if  not  otherwise 
stated.  Wljere  a  naae  is  given  and  the  word  "calculated,"  this  particular 
constant  has  been  calculated  by  neans  of  the  equilibriua  constant  and 
the  other  given  rate  constant.  Ilicaerical  values  are  given  for  the 
three  teoperatures  considered.  For  each  reaction,  two  rate  coefficients 
are  listed.  The  first  one  applies  to  the  forward,  the  seccad  one 
applies  to  the  reverse  direction. 

,  ESIIMMED  COHCaiTR/lTIO!;  PROFIIZS  FOR  ALL  SPECIES 

For  the  three  shock  conditions  considered,  the  following  values 
for  the  concentrations  will  be  calculated  or  taken  f^oo  outside 
sources:  (a)  Initial  concentration  slopes  Icsedlately  behind  the  shock 
front  for  all  species  (0  ,  H  ,  0,  H,  KO,  IK)^,  HO,  0^,  and  HO,)  will 
be  calculated  froa  reactions  involving  only  and  0^;  (b)  the  concen-  . 
trations  of  the  daalnant  species  in  the  transition  zone  will  be  taken 

o 

froa  Duff  and  Davidson^  for  the  two  points  where  H  and  HO  show  a 
aaxlaua,  while  the  concentrations  of  the  added  species  will  be  cal¬ 
culated  by  using  the  steady-state  approxlaation  for  these  species; 

* 

(c)  the  concentrations  of  all  species  in  the  equilibriua  region  will 
be  taken  froa  Duff  and  Davidson,^  and  Gllaore.® 

a.  The  following  reaction  equations  apply  for  the  initial  concen¬ 
tration  slopes  iicaedlatcly  behind  the  shock  wave  (point  s  at  x  s  o): 

Doalnant  Species: 


dt 


2k^  (0  )(M) 


^  (N^)(M) 


at  22  2' '  2 


« 
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Iion-D<»ilDant  Species: 


C 


d(0,) 

dt 


k,  (0^)® 

f 


d(IIO^) 

3t  “  ^*30 

r 


d(rLO) 

“dt  -  "  *^33 

r 


The  initial  values  of  0^,  and  M  are  taken  fran  Duff  and  Davidson.^ 
With  minor  deviations,  they  are  (for  all  three  shock  conditions,  i.e. 

Tg  *  5000,  7000,  and  10,000*K,  respectively) 

(Og)  =  1  X  10” moles/cc 

(Mg)  ®  3  X  10”'’^  moles/cc  ^ 

(k)  =  k  X  lO-"^  moles/cc 

so  that  the  initial  concentration  slopes  (in  moles  per  cubic  centimeter- 

second)  are: 

Dominant  Species: 


M  = 

9.96 

=  12.06 

=14.71 

(Og) 

1.6  X  10-3 

4.4  X  10-2 

5.6  X  10-1 

(Ng) 

1.4  X  10-3  . 

.  3.9  X  10-“* 

3.9  X  10-3 

(0) 

7.8  X  lO"'^ 

8.8  X  10-2 

1.1  X  10° 

(n) 

2.3  X  lO-"^ 

7.2  X  10-3 

8.5  X  10-3 

(NO) 

1.5  X  10-3 

7.8  X  10-“^ 

7.8  X  10-3 

Non-Doalnant  Species 

(HO^) 

9.6  X  10“® 

2.2  X  lO"**^ 

2.1  X  10-® 

(HgO) 

l.l  X  10“° 

1.6  X  lO-"^ 

1.2  X  10-° 

(Oa) 

3.2  X  10-° 

5.6  X  10*° 

4.8  X  lO-^ 

(KO3) 

0 

0 

0 

It  con  be  seen  froa  these  values  that  the  Initial  slopes  of  the 
doolnant  species  (except  for  Og  and  Ilg,  which  have  a  ne0atlve  slope) 
is  larger  by  at  least  one  order  of  aagnltude  than  all  the  minor 
constituents . 

b.  To  calculate  the  concentrations  of  the  added  species  In  the 
transition  zone,  the  steady-state  approximation  will  be  used.  This 
approach  requires  that  the  rate  of  change  of  the  added  species  Is 
negligibly  small  as  well  as  the  concentrations  itselves.  Therefore, 
it  Is  sufficient  to  form  or  decanpose  the  minor  constituents  by  the 
•dominant  species  only. 


<1(03) 

dt 


kg  (02)2  -  k  (0  )  (0)  -  k  (M)  (O3)  +  k  (02)(0)(m) 
f  \  f  •  r 


(O3) 


+  kg  (NO)  (O2)  -  kg  (N)  (O3) 
f  r 

k  (0^)2  +  *4  (Og)  (0)(M)  +  kg  (N0)(02) 

3  z  r  f 

.  f _ _ _ 

K  (0)  +  k  (m)  +  ks  (N) 
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^  (KO)(0)(M)  -  (nOgXM)  +  (WOXOg)  -  k^^  (0)(llOg) 

f  T  f  T 

k  (WO)*  -  k  (H)(I»0  )  +  k  (M)(H)  (O  )  -  k  (|I0«)(M) 

20  20j.  "y  «  * 

-  kao  (KOjjXll)  ♦  k3^  (M^^)  (0,^) 

T 


(K0)(0)(M)*k^^  (KO)(02) 
f _ f _ 


+k_ 


/ ttiA  . 


dOj  0) 

-3^  “  (KO)(n)(K)  -  (H  0)(M)  ♦  k  ^  (KO)*  -  k^^  {o){UO) 

f  t*  *  *  f  *■ 

.+  k  (fJOXO-k  (K  0)(H)-k,  (M  0)(M)+k  (m)(N  )(o) 

18  «  18  *  2  3X  2 

f  r  I  r 


-  k  (K  0)(0)  +k  (H.)  (Oj 
03  2  33  '  2'  '  2' 

f  r 

(KO)(l0(M) +k^^  (W0)(H2)+k3^  (m)(N3)(o)  +  k,,  (N^)(0^) 

(H.O)  - f _ f _ £ - £ - 

k  ,  (M)  +  k  (0)  +  k  (H)  +  k  (m)  +  k  (o) 

17  21  19  31-  33 

r  r  r  1  * 


d(K03) 

—3^  =  k^^  (HO)(Oj,)  (M)  -  k  (NO  )  (M) 
f  r  ^ 


k^^  (N0)(02)(M) 

(NO3)  «  - 1 - 


“14  («) 


The  tabulation  on  the  following  page  lists  the  concentrations 
(in  moles  per  cubic  centimeters)  of  the  dominant  species  as  taken 
from  Duff  and  Davidson^  and  of  the  added  species  as  calculated 
by  the  above  equations  at  tte  two  locations  where  the  concentrations 


of  NO  and  N  are  maximum. 
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It  18  seen  that  tlie  approxiaated  concentrations  of  t>«  added 
species  ore  soaller  hy  several  orders  of  eaa^ltudc  than  the  concentm> 
tlons  of  tlic  postulated  doalnant  species. 

c.  As  tluj  final  step  in  estiaating  the  concentration  profiles, 
the  equllihrluB  values  of  the  concentrations  ore  considered.  They  ore 
tohen  froo  tahlcs  coapllcd  "by  Cllaore®  In  which  the  cold  gas  state  of 
alxturc  Is  not  assused  to  he  a  pure  nltrogen-osQrgcn  eixture  hut  rather 
an  idealized  air  nlxture  with  78jt  Kg,  21jl  Og,  0.9)(A,  O.OJ^  COg,  and 
O.OJjl  Ke.  However,  the  inclusion  of  Ijl  "iapurltles''  will  not  of  feet 
opprcciahly  the  hlgh-tcaperature  coaposltlon  of  an  original  pure 
jjg.Og  tnlxture.  Tlie  teaporoture  has  heen  chosen  no  indicated  in  the 
tabulation  (see  page  )  and  the  density  ratio  as  *10"®.  The  concentra¬ 
tions  are  given  In  particles  per  cold  air  particles.  To  convert  to  c»le 
per  nole  air,  the  concentrations  have  to  he  sultiplicd  1^  1.991* 

Furtlier  on,  to  convert  to  aole  per  cubic  centiaeter  the  values  have  to 
he  nultiplied  by  p/p  wl:ere  p  is  tiic  equllihrlua  nlxture  and  p  the  cole 
weight.  This  later  factor  is  taken  approxiaately  no  29  gn/aole. 


M  s 

9.95 

12.06 

7.6 

X  lO’*^ 

7.6 

X  10-’’ 

(0) 

2.5 

X  lO-’’ 

5*9 

X  10’’ 

(lO 

1.6 

X  10-® 

4.0 

X  10- ® 

(NO) 

5*4 

X  10"® 

’1*7 

X  10’® 

(O2) 

8.2 

X  10-® 

4.2 

X  10- ® 

1.1 

X  10-^^ 

5*6 

X  10-^° 

(NOg) 

5.8 

X  10"^® 

5*2 

X  10-^® 

(NgO) 

< 

10’^® 

< 

10-13 

(NOg) 

< 

10’^® 

< 

10-13 

14.71 

6.6  X  10""^ 

4.1  X  10’’’ 

2.2  X  10-’’ 

8.2  X  10’® 

5.8  X  10-^° 

5.4  X  10-^’ 
5.4  X 
<  10- 
<  10’^^ 


The  equilibrium  concentrations  of  (NgO)  and  (NO^)  are  not  listed  by 
Gilmore.®  Bat,  since  they  are  less  stable  than  (NOg)  at  this 
temperature,  it  is  safe  to  assume *that  the  concentrations  of  these 
two  species  are  smaller  than  the  one  of  (NOg) . 
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REIATIVE  SIGNIFICAKCE  OF  REACTIONS 


The  reaction  rates  involvlne  the  laajor  and  ninor  constituents  will 
now  be  estimated.  This  Is  done  by  substituting  the,  values  for  the  con¬ 
centrations  and  tlie  rate  coefficients  Into  the  reaction  equations  for 
T  *»  4000,  5000,  and  6000*K,  respectively. 

First,  the  contributions  of  the  additional  species  to  the  rates  of 
formtion  and  decomposition  of  th£  tsa^or  constituents  will  be  calculated 
for  the  point  In  the  concentration  profile  at  which  NO  has  a  iriaxiBua. 

The  absolute  values  for  the  net  change  are  as  follows 


Major  Species 

. 

a 

UOOO*K 

5000 “K 

6000 "K 

3.1  X  10“® 

3.1  X  10"3 

1.0  X  10"® 

1.0  X  lO’'^ 

4.0  X  10"* 

1.0  X  10”2 

0 

5.0  X  icr® 

3.1  X  10”® 

1.1  X  10”® 

N 

1.1  X  10"* 

4.5  X  10"* 

1.0  X  10”2 

HO 

8.6  X  10  ® 

3.6  X  10"* 

9.9  X  10-® 

Minor  Species 


4000 “K 

5000 ®K 

6000 “K 

O2 

2.9  X  10”® 

3.0  X  10”® 

1.1  X  10” 

4.0  X  lO-"^  , 

1.0  X  10-® 

1.2  X  10  ' 

0 

4.6  X  10”® 

7.7  X  10”® 

1.3  X  10"' 

N 

3.7  X  10"® 

2.8  X  10-® 

1.5  X  10” 

NO 

3.6  X  10-® 

2.2  X  10-® 

2.1  X  10-' 

It  is  seen  that  the  contributions  of  the  minor  species  are  smaller  by  at 
least  one  order  of  magnitude. 
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Next,  the  Individual  contributions  to  the  rate  of  foniation  and 
decoaposition  vill  be  illustrated  in  Flexure  1.  The  rates  of  fomation 
and  decossposition  of  t)%  five  Da^or  species  (Oa,  Ka,  0,  N,  and  NO)  are 
represented  by  points  for  the  three  shock  conditions  considered.  The 
concentration  of  tite  doDlcant  species  ore  taken  froca  Duff  and  Davidson,^ 
vhereas  the  concentrations  of  the  added  species  ore  token  Troa  the 
approxisate  calculations  of  the  previous  section  in  tMs  report.  All 
concentrations  have  been  token  at  the  point  where  NO  has  a  oaxioum. 

The  points  representing  the  reaction  rates  ore  then  connected  by  lines 
for  better  illustration.  The  reaction  rates  as  obtained  fTotn  the 
restricted  reaction  schese  as  given^  (nacely  Equation  (l),  (2),  (12), 
(15),  and  (l8)l  are  shown  in  detail.  The  reaction  rates  resulting  fresn 
the  additional  reaction  equations  have  been  suasaed  and  are  indicated  by 
the  symbol  £.  The  rates  of  formation  are  given  in  solid  lines  and  the 
rates  of  the  decomposition  in  dotted  lines.  Figure  2  presents  in  detail 
the  reaction  rates  involving  the  minor  constituents  which  had  been  used 
to  calculate  the  sicn  (E)  of  the  previous  plot. 
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TEMPERATURE,  “K 


FIGURE  2  RATES  OF  FORMATION  AND  DECOMPOSITION  OF  THE  NON-DOMINANT 
SPECIES  INVOLVING  ALL  SPECIES  AS  A  FUNCTION  OF  TEMPERATURE 
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